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ABSTRACT
A photographic shutter was considered, comprised of a
mechanically driven, pivoted opening blade and a spring
driven, pivoted closing blade which is released by a magnetic
holding coil through an armature lever. The magnitude of the
viscous drag of air on the closing blade is approximated, and
its effect on the travel time (lag time) of the blade is
determined to be insignificant. A set of equations is
derived representing the dynamic performance of the
combination of the closing blade and the armature lever.
These equations are used to develop a mathematical
representation of the variation in lag time due to
manufacturing tolerances of the parts involved. Then an
optimization computer program is devised and utilized which
uses an "exhaustive" search technique to locate the minimum
for the variation in lag time as a function of five
independent variables. A previously written "gradient
based"
optimization computer program is also employed to minimize
variation in lag time. The exhaustive program yields a
reduction in variation of lag time of 6 percent while the
gradient based program yields a reduction of 2 percent.
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CHAPTER 1
INTRODUCTION
In the design of a photographic system, one of the most
important considerations is the shutter, the device by which
control is exercised on the amount of light energy which
reaches the film. When an exposure is made, the shutter is
required to open, allowing light to reach the film, and then
close at the proper time to achieve the desired exposure.
The shutter must close in such a way that it prevents any
light from reaching the film, for even a small amount of
light can cause an exposure over long periods of time while
the camera is not in use.
The shutter has taken on many forms throughout the
history of photography. Some of the earliest cameras
required the operator to remove a lens cover to begin the
exposure and to replace it when he judged that the exposure
was completed. In contrast, today military pilots are
equipped with electronic shutters built into their helmet
visors which protect them from being blinded by the flash
from a nuclear explosion. These shutters are made from
lanthanum-modified lead zircoate titanate crystals, and can
go from translucent to opaque in 85 microseconds. The
familiar amateur cameras available to the consumer today use
a variety of different mechanisms to control exposure. Focal
plane shutters employ a pair of metal or fabric curtains
which travel across the film at a regulated speed and control
exposure by varying the width of the slit between the
curtains. Impact shutters consist of a single pivoted
shutter blade which covers a small aperture near the lens.
The blade is driven to an open position by the impact of
another part, and it is returned to the closed position by a
spring. This type is usually found in inexpensive cameras
and has a fixed shutter speed.
The cameras that use the impact type of shutter are
still able to produce acceptable photographs because the film
they use is able to record an image at a wide range of light
levels. With the introduction in recent years of new films
which require a much more precise exposure, it has become
necessary to produce inexpensive cameras which control
shutter speeds accurately. One of the ways this has been
accomplished is with a shutter design of the type considered
in this paper. It consists of two shutter blades, called an
"opening blade" and a "closing blade", which rotate about the
same pivot and are held in contact edge-to-edge by a torsion
spring. Normally the opening blade covers a small aperture
near the camera lens. When an exposure is made, an
electromagnetic "holding coil" is energized, which holds back
the closing blade, while the opening blade is mechanically
driven to an open position and trapped there. At the same
time, an electronic sensor is integrating the light from the
scene to determine when the exposure should be terminated.
by the torsion spring. Reset is accomplished by moving the
blades together back to the original position.
The exposure times for this type of system are often
shorter than the lag time of the closing blade. Lag time is
defined as the time required for the closing blade to move
from rest to the half closed position. Because the lag time
is actually longer than some of the exposure times, the
electronic sensor must anticipate the lag time and include it
when making a decision about when to close. Consequently,
variations in lag time from that designed into the
electronics will cause errors in exposure. This necessitates
an adjustment to the camera during manufacturing. The lag
time is measured and, if incorrect, the shutter spring, that
is the torsion spring which holds the blades together, is
moved to a different anchor position. Then the lag time must
be remeasured to confirm performance. If the variations in
lag time could be reduced, the costly process of adjustment
and remeasuring would also be reduced. The optimization
objective of this study is to minimize the variation in lag
time .
CHAPTER 2
DESCRIPTION OF SYSTEM
The shutter system to be considered consists of an
opening blade, a closing blade, a shutter spring, an armature
lever assembly, and a magnetic holding coil. Figure 2.1a
shows the system in the initial covered aperture position.
The opening blade covers the aperture and the shutter spring
is only lightly loaded. In Figure 2.1b the opening blade has
been driven to its open position by the upward movement of an
opening lever which protrudes through a slot in the plane
supporting the shutter blades. Before the opening lever
moves upward, the magnetic holding coil is energized and
prevents the armature lever assembly from rotating
counterclockwise. This in turn prevents the closing blade
from rotating clockwise by creating an interference between
the follower on the armature lever and the cam edge on the
closing blade. With the blades in this position, the shutter
spring is fully loaded, and is urging the closing blade
clockwise. When the exposure is complete, the magnetic
holding coil is deenergized and the closing blade is allowed
to rotate clockwise to the position shown in Figure 2.1c,
covering the aperture. To complete the cycle, the opening
lever moves downward, rotating the two blades back to the
normal positon.
The choices of materials for these parts are based on an
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effort to attain the shutter speeds necessary for proper
exposures in bright scenes. The opening blade is made on a
progressive punch-and-die from 0.008 inch thick cold rolled,
hard tempered, type 301 stainless steel. The thickness and
the hardness of the material are necessary to withstand
repeated impacts with the opening lever and the closing
blade. The closing blade is also a punch-press part, but it
is made of cold rolled, half hard tempered, 301 stainless
steel, and is 0.005 inches thick. The softer material is
required to produce a number of forms in the part with sharp
bend radii. Both blades are required to complete their
travel in 4 to 5 milliseconds, so their moments of inertia
must be minimized. The opening blade is moved by the opening
lever, which is propelled by a strong spring, and which has a
relatively high momentum when it strikes the blade. The
closing blade is moved by a relatively weak shutter spring,
so its moment of inertia must be lower than that of the
opening blade to achieve the necessary travel times. Hence,
it is made of thinner material than the opening blade.
The shutter spring is a one-turn torsion spring made
from a 0.012 inch diameter hardened stainless steel wire.
The single turn is dictated by space limitations in the
camera, and the wire size is a result of design optimization
to produce the torques needed, the angular displacements of
the parts, and the lowest spring rate possible. The armature
lever is injection molded from polycarbonate with a glass and
polytetraflouroethylene (PTFE) fill. The plastic was chosen
for its good molding tolerances and low density, with the
glass fill for rigidity and the PTFE for lubricity. Attached
to the armature lever is the armature. It consists of a
50 percent nickel and 50 percent iron alloy in a powdered
form which has been pressed in a mold and sintered. This
material was chosen for its high magnetic permeability,
attaining a maximum holding force from the magnetic coil with
a minimum mass armature.
There are a number of parameters which will influence
lag time if they are varied. Some of these parameters are
subject to control through design or through the
manufacturing process and some are not. Control cannot be
effectively exercised over the frictional forces. Hence,
materials, processes, and coatings are used which will
minimize the coefficient of friction between contacting
surfaces. Both of the shutter blades slide on a surface
consisting of glass-filled polystyrene. To reduce friction
at this interface the blades are painted with a low friction
paint. The follower on the armature lever assembly slides on
the cam edge of the closing blade as the blade is being
released. The PTFE fill in the plastic armature lever
reduces friction at this point. Friction at the pivot for
the shutter blades is minimized by molding the pivot from
acetal copolymer, a thermoplastic with high lubricity and
abrasion resistance.
There are five parameters which affect closing time and
which are subject to control through the design and/or
manufacturing process. The moment of inertia of the closing
blade will vary directly with the variation in the thickness
of the metal it is made from. The thickness of the paint on
the blade is assumed to be insignificant because its density
is much less than that of the metal. Variations in the
densities of the metal and the paint are also assumed to be
insignificant. Because of the punch-press process by which
it is made, changes in moment of inertia due to changes in
the other two dimensions of the blade will be very small and
are assumed insignificant.
The moment of inertia of the armature lever assembly is
a combination of the properties of the armature lever and the
armature. The armature lever is injection molded from
polycarbonate, and therefore has excellent repeatability in
its dimensions, as does the sintered armature. Variations in
the density of the polycarbonate are assumed small enough to
be ignored. The density of the sintered part is known to
vary considerably and it is located far from the pivot,
making it the only significant influence on the moment of
inertia of the armature lever assembly.
The torsional spring constant and the windup angle of
the shutter spring are also parameters that will vary
significantly. Both of these will change due to variations
in the bending modulus, the yield stress, and the diameter of
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the spring wire used. Variations will also result from the
set-up of the spring winding machines and from the stress
relief treatment the springs receive.
A parameter which does not vary significantly during the
manufacturing process but which is available for design
changes is the angle of the cam edge of the closing blade
where it contacts the follower on the armature lever.
Because the part is made on a progressive punch-and-die, the
angle of the cam edge is assumed not to vary. However,
design changes made to this angle will have a significant
effect on lag time, because it affects the relationship
between the angular acceleration of the armature lever and
the angular acceleration of the closing blade.
In summary, variations in the following five design
related parameters are considered most significant for
affecting the variation of lag time for the closing blade.
1. Thickness of the closing blade.
2. Density of the sintered armature.
3. Torsional spring constant of the shutter spring.
4. Windup angle of the shutter spring.
5. Angle of the cam edge on the closing blade.
The effect of variations in these parameters will be
considered in what follows, as related to variation in lag
time of the closing blade.
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CHAPTER 3
ANALYTICAL APPROACH TO DYNAMICS
3. 1 Calculation of Skin Friction on Closing Blade Due to Air
One item of interest in the study of the variability in
lag time is whether there is a significant friction force
from the viscous drag of air on the closing blade. In an
effort to gauge the order of magnitude of such forces in this
system, a worst-case approximate calculation is carried out.
The analysis will be made on the approximate geometry of
figure 3.1.
Reference 1, pp 137, gives equations and charts which
represent the drag forces on a rectangular plate as it is
moved edgewise through a viscous medium. The drag force is
given by equation 3.1.1.
D = Cf S p V*/2 (3.1.1)
In this equation, D is the total skin friction drag in lbf,
C. is the drag coefficient, which is unitless, S is the
wetted area of the plate in sq-ft, p is the density of the
fluid in slugs/cu-ft, and V is the velocity of the plate in
ft/sec. The drag coefficient is given by the chart shown in
figure 3.2, taken from reference 1, pp 137. It is shown as a
function of
Reynolds' Number, which is given by equation
3.1.2.
Re = p V L / /a. (3.1.2)
In this equation, Re is the
Reynolds' Number, which is
12
Figure 3. 1 Approximations used for Skin Friction
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unitless, L is the total length of the plate in the direction
of flow in ft, and ^i is the dynamic viscosity of the fluid
in slug/ft-sec.
To calculate the drag force, some assumptions had to be
made to determine a worst-case approximation for velocity V.
Assuming that there is information available about the time
required for the closing blade to complete its travel, from
elementary mechanics we have equation 3.1.3 for the average
angular velocity of the closing blade.
Wav = A / t (3.1.3)
In this equation, Wav is the average angular velocity in
degrees/sec, A is the displacement angle in degrees, and t is
the elapsed time for that displacement in seconds. Assuming
that the angular acceleration of the closing blade is
constant, so that the angular velocity changes linearly, and
that the closing blade starts from rest, we have equation
3.1.4 from elementary mechanics.
Wmx = 2 Wav (3.1.4)
In this equation, Wmx is the maximum angular velocity reached
in deg/sec. To convert from angular velocity to linear
velocity we have equation 3.1.5 from elementary mechanics.
Vmx = Wmx R (TT/180) (3.1.5)
In this equation, Vmx is the maximum instantaneous linear
velocity in the tangential direction in ft/sec of a point
located a radius R ft from the center of rotation. Combining
equations 3.1.3, 3.1.4, and 3.1.5 we arrive at equation 3.1.6
15
for the worst-case velocity V to use in determining drag
forces .
V = A R rr / 90 t (3.1.6)
Assuming that the closing blade travels 64 degrees from
a rest position in a time of 0.004 seconds, we can calculate
a worst-case velocity from the above equation. (The
analytical justification for this assumption can be found in
section 3.8) The earlier assumption of constant angular
acceleration is conservative because the closing blade is
driven by a torsion spring with a linearly decreasing torque.
A constant angular acceleration would require a constant
torque, so the actual maximum angular velocity reached by the
closing blade will be lower than the approximation. The
radius to be used is that of a point halfway along the
leading edge of the large section of the shutter blade which
covers the aperture, as shown in figure 3.1. This radius is
chosen to represent the average speed of the large section,
and its value is R = 3.724 E-2 ft. Substituting the above
values for A, t, and V into equation 3.1.6 we get velocity V
= 20.80 ft/sec.
Reference 1, pp 65, was used to find that for dry air at
59F and 14.7 psi the density f> is 2.378 E-3 slugs/cu-ft and
the dynamic viscosity ju is 3.73 E-7 slugs/f t-sec . An
approximate value for L was determined by using the largest
dimension of the closing blade in a direction approximately
tangential to its rotation, which is 4.167 E-2 ft. This
16
:ordimension occurs at approximately the radius used above fc
the velocity V.
Substituting the values from above for p , V, L, and ju
into equation 3.1.2 we obtain a Reynolds' Number of
Re = 5.526 E3. Using this number on the graph in figure 3.2
we see that it is below the range of values given for
Reynolds' Number. Looking at the range of values given in
the graph for the drag coefficient Cf , it is assumed that
the choice of a drag coefficient of .50 would be reasonably
conservative, since it is 50 times as large as the largest
drag coefficient on the graph.
A value for S, the wetted area, is approximated by
multiplying together the two largest dimensions of the
section of the closing blade that covers the aperture, and
multiplying by two for the two sides. The value obtained for
wetted area S = 3.20 E-3 sq-ft. Using the above values for
C, , p , V, and S in equation 3.1.1 gives a value for drag
force of D = 8.255 E-4 lbf. Assuming this force is applied
at the radius R, from elementary mechanics the torque exerted
on the closing blade would be given by equation 3.1.7.
T = D R (3.1.7)
In this equation T is the torque in ft-lbf. Substituting the
values for D and R into equation 3.1.7 gives a torque of
T = 3.063 E-5 ft-lbf. The shutter spring that drives the
closing blade has a maximum torque of Tmx
= 2.465 E-3 ft-lbf.
Dividing the drag torque by the maximum spring torque gives a
17
value of 1.2 percent. Since all the approximations that went
into the analysis were conservative of the drag forces, and
since the resulting torque is so low compared to the other
torque driving the closing blade, it is concluded that the
friction due to the viscous drag of air can be ignored in the
study of variations in lag time.
3. 2 Equation Relating the Angular Displacement of Closing
Blade and Armature Lever
In order to write the dynamic equations for the system,
the travel of the closing blade in figure 2.1 is divided into
two parts. During the first part of travel the closing blade
cam edge is pushing on the follower from the armature lever
to rotate it counterclockwise. The shutter spring is
accelerating both the closing blade and the armature lever
assembly during this period. The second part of travel
begins when the armature lever has disengaged from the
closing blade. The shutter spring now accelerates only the
closing blade.
To analyze the first part of travel, it is necessary to
derive an equation which describes the angular displacement
of the armature lever as a function of the angular
displacement of the closing blade. Since the angle of the
cam edge on the closing blade was identified earlier as a
useful parameter for adjusting the closing time, this angle
will also be included as an independent variable. The
18
objective of this section is to derive an equation in the
form of equation 3.2.1.
<fi = f ( T , Y) (3.2.1)
In this equation, <j> is the angular displacement of the
armature lever assembly in the counterclockwise direction,
F is the angular displacement of the closing blade in the
clockwise direction, and Y is the angle between the
horizontal and the cam edge of the closing blade when it is
being held back by the armature lever.
In figure 3.3a, line 1 represents the cam edge of the
shutter blade when it is being held back by the armature
lever. Line 2 represents the cam edge of the shutter blade
as it rotates clockwise by an angle ^ . The point of
contact between the closing blade cam and the follower on the
armature lever is represented by the coordinates (xo, yo) . As
the blade rotates, that point moves and becomes (Xo, Yo) on
line 2. Changes in angle Y cause line 1 to rotate about
the point (xo, yo) and line 2 to rotate about the point
(Xo, Yo) . It is assumed that the actual changes in the point
of contact on the follower due to its circular shape are
small enough to be ignored. Coordinates (xp, yp) represent
the location of the shutter blade pivot, and it is assumed
that yp = 0 . The angle fi represents the angle between the
vertical and the line connecting (xp, yp) with (xo, yo) , and
is given by equation 3.2.2 from elementary geometry-
ft = arctan |(xo - xp)/ yo] (3.2.2)
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The radius from (xp, yp) to (xo, yo) is represented by r, and
is given by equation 3.2.3 from the Pythagorean theorem.
r = y(xo - xp)2 + yo2 (3.2.3)
Coordinate Xo is given by xp plus the product of r and the
sine of the sum of angles ft and <T , given in equation
3.2.4.
Xo = xp + r sin( fi + <T ) (3.2.4)
Coordinate Yo is given by the product of r and the cosine of
the sum of angles j3 and ^ , given in equation 3.2.5.
Yo = r cos ( fi + t ) (3.2.5)
The slope M of line 2 is given by the negative of the tangent
of the sum of angles Y and <T in equation 3.2.6.
M = -tan ( Y + T ) (3.2.6)
To find the equation for B, the y-axis intercept of
line 2, the line equation is rearranged and the coordinates
(Xo. Yo) are subsituted in, to give equation 3.2.7.
B=Yo-MXo (3.2.7)
Substituting in the values of Yo , M, and Xo from equations
3.2.5, 3.2.6, and 3.2.4 we get equation 3.2.8 for B as a
function of T and Y .
B = r cos(y+^) + tan(r + n(xp + r sin(/3 + ^)) (3.2.8)
where: /$ = arctan ((xo - xp) / yo] (3.2.2)
r = /(xo - xp)2+ yo2 (3.2.3)
Using the form y = M x + B and substituting equations 3.2.7
and 3.2.8 for B and M gives equation 3.2.9 for line 2 as a
function of f and T .
21
where :
y = x tan(-(f + JT)) + r cos(/S+<T) +
tan( f + JT ) (xp + r sin(/5 + JP ) ) (3.2.9)
/* = arctan [(xo - xp) / yo] (3.2.2)
r = /(xo - xp)2+ yo2 (3.2.3)
In order to reduce equation 3.2.9 to a more manageable
form, dimensions from the shutter mechanism will now be
substituted into it. These dimensions are in millimeters,
but since the final equation will be strictly a relationship
between angles, the linear units will drop out. The
following dimensions are to be substituted in.
= 15.62 mm yo = 16.49 mm
xp = 10.7 mm yp = 0.0 mm
Substituting these values into equation 3.2.9 gives equation
3.2.10 for line 2 as a function of P and Y .
y = x tan(-( V+ J1) + 17.21 cos ( ^ +16 . 61) +
tan( Y + IT) (10.7 + 17.21 sin (* +15.95) ) (3.2.10)
Since we now have an equation for y as a function of
angles T and Y , we need an expression for <p as a
function of x and y. Figure 3.3b illustrates the geometric
relationship between the pivot and the follower on the
armature lever. The coordinate axes are located in the
same place relative to the shutter mechanism as they were
in figure 3.3a, so the dimensions are compatible. The fact
that the contact point (xf, yf) of the follower is very
nearly at the same y dimension as the pivot, coupled with the
fact that the armature lever only rotates 6 degrees before it
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disengages from the closing blade, leads to some
simplifications. The path of the contact point (xf, yf) of
the follower is approximated by assuming that it follows a
straight vertical line for the 6 degree travel we are
interested in. The equation for this line is given by
equation 3.2.11.
x = xf (3.2.11)
It is also assumed that the pivot has exactly the same y
dimension as the contact point. The displacement angle of
the armature lever then is given by equation 3.2.12.
jzi = arctan (y - yf) / xf (3.2.12)
To simplify this expression, the following dimensions from
the shutter mechanism will be substituted.
xf= 15.62 mm yf =16. 49 mm
These values are the same as the previous xo and yo because
these points are in contact when the closing blade is being
held back by the armature lever. Substituting these values
into equation 3.2.12 gives equation 3.2.13 for the rotation
angle of the armature lever as a function of y.
0 = arctan (y - 16.49) / 15.62 (3.2.13)
Equation 3.2.11 can now be substituted for x into equation
3.2.9. Then equation 3.2.9 can be substituted into equation
3.2.13 to give equation 3.2.14.
0 = arctan [(1/15. 62) {l 5. 62 tan (- ( P + Y ) ) +17. 21 cos(^ +16.61)
+ [tan (6 + Y)] [id. 1+11.21 sin ( t +16. 6.1)] -16. 49} ] (3.2.14)
Equation 3.2.14 gives the angular displacement of the
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armature lever as a function of the angular displacement of
the closing blade and the cam angle of the closing blade.
This equation will be used in later sections in the
derivation of the dynamic equations for the closing blade.
3 . 3 Determination of Disengagement Point
In the dynamic equations for the closing blade travel,
it is necessary to know the angle of closing blade travel at
which the armature lever disengages from the closing blade.
The effective moment of inertia of the closing blade and
armature lever together is much greater than that of the
closing blade alone, so there will be a significant change in
the angular acceleration at this point. The angle of
rotation of the armature lever 0d at which it disengages
will remain fixed because it is limited by the geometry of
other parts. As the cam angle Y is changed, the angle of
rotation of the closing blade required to reach the
disengagement point will change. As the cam angle increases,
the armature lever follower will be pushed upward more
rapidly, so the disengagement angle ^d will decrease. The
converse is also true.
In order to determine the disengagement angle for any
value of cam angle Y , equation 3.2.14 must be solved for
the closing blade travel <5. Upon inspection of the
equation it was concluded that putting it in an explicit form
for closing blade travel V d would be extremely difficult.
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Therefore, a root-finding method was used in all subsequent
calculations .
A program was written for an HP-41CV calculator and the
disengagement angle )fd was determined for 0d = 6 degrees
and for several different values of cam angle Y . A flow
chart of the program can be found in Appendix A. The same
cases were done by laying out the parts on a drawing board
and finding a graphical solution. The comparison of the
calculated values with the graphical values for disengagement
angle <^d are shown in figure 3.4. There is a consistent
disagreement between the two methods of about 0.5 degrees,
which is assumed to be due to the inherent inaccuracy of a
layout and the bias of the drafting machine used.
3.4 Approximation for Coupling of Armature Lever and Closing
Blade
During the first part of shutter blade travel, the
angular displacements of the closing blade and armature lever
assembly are coupled together. For the purposes of later
calculations, it is desirable that there be a direct ratio
between the angular displacements of these two parts. If,
for example, the angular displacement of the armature lever
is always one half that of the closing blade, then the
angular velocity of the armature lever will always be one
half that of the closing blade. Similarly, the angular
acceleration of the armature lever will always be one half
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that of the closing blade. This only holds true if the
relationship between the angular displacements of the two
parts is linear. A good example is that of two gears of
different pitch diameter meshed together. Their angular
displacements, angular velocities, and angular accelerations
are all linked by the same ratio.
Figure 3.5 shows the angular displacement of the closing
blade versus that of the armature lever assembly for three
values of cam angle Y . The cam angles of 24 degrees and
46 degrees represent the lower and upper extremes possible
based on the geometry of the system. The 36 degree cam angle
is approximately the middle value. It can be seen that the
relationship between the angular displacements of the closing
blade and the armature lever calculated by equation 3.2.14
are not linear. The straight lines on each graph represent a
linear approximation to the relationship between the angular
displacements. The ratio used for the straight lines is the
ratio between the total angular displacements of the two
parts at the disengagement point.
In order to evaluate the error that would be introduced
by using the linear approximation, the error in armature
lever angular displacement <j) was calculated at each of ten
equally spaced locations along the curves. These errors were
then averaged for each case, and the averages were divided by
the mean value for </> , which is 3 degrees. The relative
average errors resulting from these calculations were
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21.2 percent for cam angle Y =24 degrees, 14.3 percent for
Y = 36 degrees, and 14.1 percent for Y = 46 degrees.
The following observations are made regarding the use of the
linear approximation to the angular displacement.
1. The errors in angular displacement, and therefore
angular acceleration, occur over a small percentage of
the total travel.
2. The linear approximation used agrees exactly with the
actual angular displacement at the disengagement
point, which is a critical point for later
calculations.
3. The objective of the study is to model the variation
in lag time, rather than the absolute lag time.
These facts constitute a reasonable justification for the
use of the linear approximation in later calculations.
3. 5 Equation of Motion for First Part of Travel
The first part of travel of the closing blade is defined
as the travel from the position where it is being held back
by the armature lever to the position where it disengages
from the armature lever. During this travel the shutter
spring is accelerating both the closing blade and the
armature lever assembly. Since friction forces are not known
and are relatively small, they will be assumed to be
negligible.
From reference 5, pp 22, the general equation of motion
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for a mass, spring, and damper system with linear travel and
no driving function is given by equation 3.5.1.
m d*_x +bdx+kx=0 (3.5.1)
dt* dt
In this equation, m is the mass, x is the displacement, t is
the time, b is the damping coefficient, and k is the spring
constant. Each term represents a force, and the sum of the
forces equals zero.
To use this equation for shutter blade travel, the term
for damping forces is assumed to be relatively small, and the
equation is rewritten in terms of rotary motion, giving
equation 3.5.2.
I d^0_ + kO = 0 (3.5.2)
dt*
In this equation, I is the moment of inertia, 6 is the
angular displacement, t is the time, and k is the torsional
spring constant. Each term represents a torque, and the sum
of the torques equals zero.
To solve this differential equation we first rearrange
it, giving equation 3.5.3.
d*0 + k6 = 0 (3.5.3)
dt2 I
Letting = k/I we get equation 3.5.4.
d26 +u26 = 0 (3.5.4)
dt*
The characteristic equation for this is given by equation
r2 +
W*
=0 (3.5.5)
In this equation r is a dummy variable. By inspection the
roots of equation 3.5.5 are r
= iw and r = -iu ,where
30
i - Z"1* The solution to equation 3.5.4 is therefore given
by equation 3.5.6.
0(t) = c, exp(iwt) + c2 exp(-i^t) (3.5.6)
In order to convert this expression from complex form to real
form we use Euler's relations from reference 2, pp 64.
exp(ibx) = cos bx + i sin bx (3.5.7)
exp(-ibx) = cos bx - i sin bx (3.5.8)
Applying equations 3.5.7 and 3.5.8 to equation 3.5.5 gives
equation 3.5.9.
0(t)=ct (coswt + i sinwt) + c2(coswt - i sinut) (3.5.9)
Rearranging this equation we get equation 3.5.10.
0(t) = (c,+c2) cos uj t + i (c,-c2) sinwt (3.5.10)
If we let C, = c, + c2 and C2 = i (c, - c2 ) , we can write
the solution to equation 3.5.4 in the form of equation
3.5.11.
@(t) = C, coswt + C2sina;t (3.5.11)
The initial conditions on this problem are that the
angular velocity equals zero and the angular displacement is
known, and is designated 0(0). If we write equation 3.5.11
at time t = 0 , we get equation 3.5.12.
0(0) = C, cosw0 + C2 sinw0 (3.5.12^
Solving this for C, we get C = 0(0) .
Differentiating equation 3.5.11 and writing it for time t = 0
gives equation 3.5.13.
0 = - 0(0) WsinW0 + Cz wcosy0 (3.5.13)
Solving this for C2 we get C2 = 0.
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The angular displacement as a function of time for the
closing blade is given by the complete solution, equation
3.5.14.
0(t) = 0(0) coso/t (3.5.14)
Turning our attention to w , we recall from equation
3.5.4 that we set u)1 = k/I . The moment of inertia in effect
during the first part of travel is the moment of inertia of
the closing blade combined with that of the armature lever
assembly. It was stated in section 3.4 that the angular
acceleration of the closing blade and the angular
acceleration of the armature lever assembly would be assumed
to be related by a ratio. The first term in equation 3.5.2
is the product of the moment if inertia and the angular
acceleration. Since that term is linear, the ratio between
the angular accelerations can be applied to the moment of
inertia of the armature lever assembly and achieve the same
result.
For example, gear A and gear B are meshed together and
gear A has a larger pitch diameter and a larger moment of
inertia than gear B. For the purpose of writing the dynamic
equation, gear B may be treated as if it has the same pitch
diameter, and therefore the same angular acceleration, as
gear A if the moment of inertia of gear B is multiplied by
the ratio of the pitch diameters, pdB/pdA. The equation for
undamped motion for the two gears can be written as shown in
equation 3.5.15.
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[iA + IB (pdB/pdA)]
d2
( 6A) + k( 0A) = 0 (3.5.15)
Jt*
In this equation, IA is the moment of inertia of gear A, IB
is the moment of inertia of gear B, pdA is the pitch diameter
of gear A, pdB is the pitch diameter of gear B, and 0A is
the angular displacement of gear A. The term in square
brackets in equation 3.5.15 will be called the "equivalent
moment of interia", Ieq.
In a similar manner, an equation may be written for an
equivalent moment of inertia for the closing blade and
armature lever assembly. The moments of inertia of the
closing blade and the armature lever assembly are equated to
the moments of inertia of gears A and B. The ratio of
angular displacements of the closing blade and the armature
lever ( ^ d/ ^d) is equated to the ratio of pitch diameters of
gears A and B (pdB/pdA) , giving equation 3.5.16 for the
equivalent moment of inertia.
Ieq = Icb + lal(*d//d) (3.5.16)
In this equation, Icb is the moment of inertia of the closing
blade, Ial is the moment of inertia of the armature lever
assembly, <f> d is the angular displacement of the armature
lever assembly at disengagement, and ^d is the angular
displacement of the closing blade at disengagement.
In equation 3.5.14 we set
uj2
= k/I. It follows that
t is given by equation 3.5.17.
oj t = /k ta/I (3.5.17)
Substituting equation 3.5.16 and 3.5.17 into equation 3.5.14
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gives equation 3.5.1R for the angular displacement of the
closing blade as a function of time and as a function of the
parameters to be varied.
6(t) = (0) cos^k t*/(Icb + Ial ( 0 d/ 3M) ) (3.5.1^)
In ordar to determine the travel time for the second
part of closing blade travel, it will be necessary to know
the angular velocity of the closing blade at disengagement.
Equation 3.5.19 for the angular velocity of the closing blade
is obtained by differentiating equation 3.5.18 with respect
to time. (3.5. 19 below)
J7(t)=- (9(0)/k/(Icb+Ial( 0 d/ ^d) ) sin/kt2/(Icb+Ial( $ d/ **d) )
In this equation, _/7(t) is the angular velocity of the
closing blade during the first part of travel.
3. 6 Equation of Motion for Second Part of Travel
The second part of travel of the closing blade is
defined as the angular displacement from the disengagement
point to the position where the closing blade is covering
half of the aperture. The applicable differential equation
is again the rotary version of the mass, spring, and damper
equation with the damping term removed, shown below as
equation 3.5.1.
I d20 + k0 =0 (3.5.1)
dt2
The general solution to this equation, which was developed in
section 3.5, is given in equation 3.5.2.
Q(t) =C, coswt + C2 sinwt (3.6.2)
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This problem has initial conditions of a known displacement
0(d) and a known angular velocity fl (d) at time t = 0, which
is at the disengagement point. Writing equation 3.5.2 for t
= 0 gives equation 3.5.3.
0(d) = C, coswfl + C2 sincj0 (3.6.3)
Solving this for C, gives C, = 0(d) .
Differentiating equation 3.6.2 to get the angular velocity
equation and writing that equation for time t = 0 gives
equa tion 3.5.4.
fl (d) = - 0(d) wsinyd + Cz wcoso/0 (3.6./1)
Solving this for C2 gives C2 = fl (d) /co . Substituting the
two constants back into equation 3.5.2 gives the final
solution, equation 3.6.5.
0(t) = 0(d) coswt + ( fl (d) sincJtWuJ (3.5.5)
From section 3.5 we recall that w = k/I. In this case
I is Icb, the moment of inertia of the closing blade.
Writing equation 3.5.5 in terms of parameters that can be
varied to change closing time we get equation ^.6.6.
0(t) = 0(d) cos/kt2/Icb +_(l(d)/lcb/ksin/kt2/Icb (3.6.6)
This equation, together with equation 3.5.18 can be used to
determine the total time required for the closing blade to
move from the latched position to the half-closed position.
3. 7 Calculation of Moments of Inertia
The purpose of this section is to illustrate the
calculation of the polar moment of inertia of the closing
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blade and the armature lever assembly. No recent
measurements of these moments were available, so they had to
be calculated.
The shape of the closing blade does not lend itself to
being broken up into simple geometric shapes with polar
moments of inertia that can be readily calculated and then
combined to determine the total moment of inertia. A method
was therefore devised for calculating polar moment of inertia
for any planar irregular shape. A calculator program is
shown in appendix B which is written for the HP-41CV and
which calculates polar moment of inertia for a planar part by
the following method.
An accurate layout of the part is required with as large
a scale as practical. A line is drawn which passes through
the point about which the polar moment of inertia is
required. This is shown as "first line" on figure 3.6. For
convenience the line should pass approximately through the
center of the shape to be considered. Lines are then drawn
at regular intervals perpendicular to the first line and
extending past the edges of the part in both directions.
Judgement must be used in deciding the size of the interval
between the lines, with a smaller interval providing greater
accuracy. Three measurements are then made for each cross
line, the distance along the first line from the point of
interest to the cross line, and the distance along the cross
line from the first line to the points where the cross line
Figure 3.fc Method for Calculating Volar Moment
of Inertia of Irregular, Shapes.
First Line
Cross Lines
Point of Interest
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passes the edges of the part to the right and to the left, as
shown in figure 3.6. The calculator program prompts the user
for the interval between cross lines, and then prompts
repeatedly for the three measurements for each cross line,
displaying a progressive sum of the polar moment of inertia
for each cycle. The program calculates the moment of inertia
of each narrow strip, shown in the figure by a dashed line,
about the first line and about a second line perpendicular to
the first line and passing through the point of interest.
The polar moment of inertia of each strip is determined by
adding these two moments together. The polar moments of the
strips are then progressively summed. The method is
straightforward, and the accuracy can be adjusted by the user
as he deems necessary.
The polar moment of inertia of the irregular part of the
closing blade was determined using the calculator program and
this was added to the polar moment of the annular ring
obtained through standard formulas. The result of 3.2R5 E-6
oz-in-sec2
compared favorably with physical, measurements of
polar moment of inertia made on obsolete versions of this
pa r t .
The polar moment of inertia of the armature lever was
calculated by treating it as two rectangular solids, each
with the same length and approximately the same
cross-sectional area as one of the arms of the part. The
moment of inertia of the armature about the armature lever
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pivot was calculated and found to account for 57 percent of
the moment of inertia of the assembly- The moment of inertia
calculated was 1.151 E-5 oz-in-sec , which is 3.5 times as
large as that of the closing blade, showing that the armature
lever will have a significant effect on the first part of
travel of the closing blade.
3. 8 Example Calculation of Closing Time
The objective of this section is to go through the
process of calculating closing time with parameter values
from a known case and to compare the results with known
values. In the last section the moments of inertia of the
closing blade and the armature lever assembly were
calculated. The other values needed for the calculations are
the torsional spring constant k, which is 0.314 oz-in/rad ian ,
the windup angle of the spring 0(0), which is -1.507
radians, and the cam angle of the closing blade Y , which is
0.663 radians. These values come from measurements of
manufactured parts.
First the disengagement angle of the closing blade must
be determined using equation 3.2.14 which is shown below as
equa tion 3.8.1.
0 = arctan [(1/15.62) {l 5. 6? tan ( - ( V + Y ) ) +1"?. 21 cos ( V + 1 6 . 61)
+ [tan(f+r')] [l0 . 7 +17. 21 sin ( Y +16 . 51)] -16. 49}] (3.8.1)
In this equation, # is the angular displacement of the
armature lever assembly, X is the angular displacement of the
closing blade, and V is the cam angle of the closing blade.
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It can be seen by examination of this equation that it would
be extremely difficult to write it explicitly for
the angular displacement of the closing blade Y . It is
therefore n-cessary to use a root-finding technique to solve
for Y as a function of 0 ,-md Y . The technique chosen
was bisection, as described in reference 3, pp 21, because it
will always converge to a solution. A calculator program for
the HP-41CV was written to do this, and is shown in appendix
A.
The angular displacement of the armature lever at the
disengagement point jzf d , is 6 degrees (.105 radians) and is
limited to this value by the geometry of other parts. Using
this program, the angular displacement of the closing blade
at the disengagement point Td was determined to be .153
rad ian
The next equation needed is equation 3.5.18 for the
first part of shutter blade travel, which is rewritten
explicitly for time t as equation 3.8.2.
t = /(1/k) [icb + IaM^d/fd)] [arccos (0(d) /0(H)] (3.8.2)
In this equation, t is in seconds, k is the torsional spring
constant of the shutter spring in oz-in/rad, Icb is the
moment of inertia of the closing blade in oz-in-sec , Ial is
the moment of inertia of the armature lever assembly in
oz-in-sec , and 0(0) is the angular displacement of the
shutter spring from no load to the latched position. The
angular displacement of the shutter spring from no load to
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the disengagement point, 0(d) -an be found by adding Y d to
0(0). n4nce 0(T) is a negative angle and ^d is a positive
angle, 0(d) will be a smaller negative angle. Substituting
in the parameters gives 2. ^2 E-3 seconds as the time for tha
first part of closing blade travel.
To get the time for the second part of shutter blade
travel it is first necessary to use eguation 3.5.19,
rewritten as equation 3.8.3, to determine the angular
velocity of the closing blade at the disengagement point.
flit) = - 0(0)/k/(Icb+Ial ( 0 d/ /d) )
sin
/kt2 /(Icb+lai ( 0 d/ <T d) ) (3.8.3)
Substituting into this equation the parameters determined
above gives an angular velocity il(d) at the disengagement
point of 114.18 rad/sec.
The next equation needed is equation 3.6. s for the
second part of closing blade travel as a function of time,
rewritten as equation 3.8.4.
0(h)- 0(d) cos/kt2/Icb + J?(d)/lcb/k sin/kt2/Icb (3.3.4)
For substitution into this equation 0(h) is the angular
displacement of the shutter spring from no load to the half
closed point, and has a value of -1.083 radians.
Upon inspection of this equation, no way was found to
rearrange it to give "t" explicitly. Therefore, a
root-finding method was used to find a solution. The
function is a sinusoid, and the root of interest is the
smallest positive root. Using a bisection method, there is a
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risk that the initial interval chosen will contain more than
one root and that the method will not converge to the
smallest root. A method was therefore devised, for the
optimization problem to follow, to choose the initial
interval. This is done by stepping along the positive axis
from zero until a change is detected in the sign of the
function, indicating that a root had been passed. Tha1: step
is then taken as the right boundary for the initial interval
and two steps are taken backwards to establish the left
boundary. The bisection method is then applied normally to
this interval .
Using this method on equation 3.3.4 for the parameters
of this example gave a time for the second part of closing
blade travel of 1.35 E-3 seconds. Adding this to the time
calculated for the first part of travel of 2.72 E-3 seconds
gives a total closing time of 4.07 E-3 seconds. The time
measured for mechanisms with these parameters is 4.3 E-3
seconds, giving an error of 5 percent. This small error
indicates that friction does not have much effect on the
closing time and that the other assumptions and
approximations that were used in the derivation of the
equations did not cause much error.
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CHAPTER 4
APPROACHES TO OPTIMIZATION
4 . 1 The Optimization Problem
The most common perception of an optimization problem is
one in which some specific measureable performance parameter
is to be maximized or minimized. For this problem one might
initially expect that the time required for closing blade
travel should be minimized, or that the force required from
the opening lever or the magnetic holding coil should be
minimized. Even though a fast shutter time is desirable for
accurate exposures, in this case there are synchronizations
to be considered with other functions, such as the firing of
the electronic flash, which are dependent on a specific
closing time for proper performance.
If the system as it exists today is modified slightly
in one of its parameters it is possible to compensate by
changing another parameter and achieve the same closing time-
For example, if the moment of inertia of the closing blade is
increased by making it from a thicker metal the closing times
would increase. However, the windup angle of the shutter
spring might be increased to provide more torque to drive
the blade, bringing the closing time back to its original
value- Since any pair of the five relevant parameters could
be adjusted in this manner it can be seen that there are an
infinite number of combinations of these parameters which
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would provide the proper closing time.
Each of the five parameters described in Chapter 2 is
subject to tolerances in the manufacturing process. The cam
angle on the closing blade is subject to very little change,
because it is made on a progressive punch and die. The
moment of inertia of the closing blade is subject to changes
due to tolerances on the thickness of the metal stock used.
The moment of inertia of the armature lever assembly is
subject to changes that are primarily due to changes in the
density of the sintered armature. The torsional spring
constant of the shutter spring is subject to variation due to
the tolerances on the diameter and the bending modulus of the
the wire used. The windup angle of the shutter spring is
very difficult to control and is subject to variations in
wire diameter, yield stress of the wire, tool wear in the
spring winding machine, and variations in the stress relief
heat treatment it receives.
The tolerances in each case will cause variations
between the closing times of individual cameras as they are
being manufactured. It would be desirable to design the
system so that these tolerances cause as little change as
possible in the closing times. To do this we must establish
the design limits for each of the five parameters.
The cam angle is limited by geometric factors. If it is
made too steep it will release slowly because friction will
become more significant at that interface. If it is made too
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shallow, there will be poor control of the position of the
closing blade in the latched condition. This position is
important because it affects the synchronization of the
shutter with the electronic flash.
The moment of inertia of the closing blade is limited
on the lower side by the thickness of the metal it is made
from. Thinner metal will make the part more difficult to
form accurately, will make it more susceptible to damage in
handling, and will make it less able to withstand impacts
with the opening blade without distortion. There is no
obvious upper limit on the thickness of the metal.
The moment of inertia of the armature lever assembly is
in a similar situation. There is no real upper limit to this
value, except the volume needed to include more material.
Little reduction of the moment of inertia of this assembly is
possible, however, because all volumes are near their
minimums in relation to the stresses on the armature lever
and the flux saturation of the armature.
The torsional spring constant and the windup angle of
the shutter spring can be varied by changing wire size and
setup of the spring winding machine. The upper limit on wire
size is established by the space available in the pivot to
contain the coil. The lower limit comes from the
foreshortening of the legs of the spring when it is loaded,
and the resulting disengaement of the spring from its anchor
points. The windup angle and the spring constant together
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affect the ability of the spring to stay retained by its
anchor points when unloaded, and still not be overstressed
when it is fully loaded. The lower limit on the windup angle
is also governed by this ability to stay in retention.
There is essentially no uoper limit on winduo angle.
The optimization problem is stated as, "Find a set of
values for the five parameters which is inside the design
limits and which gives the least variation in closing time in
response to manufacturing tolerances on the
parameters."
This raises a question about how to evaluate the variation in
closing time in response to changes in five parameters. One
approach would be to look at the closing time for all 32
combinations of the five parameters with positive and
negative tolerances, select the worst case, and use that as
the standard for comparison. Doing this might
unrealistically bias the optimization toward the single
largest tolerance and give insufficient weight to the smaller
ones. Assuming that the distribution of each parameter
within its tolerance is Gaussian, a valid standard by which
cases could be compared would be finding the square root of
the sum of the squares of the variations due to each
individual parameter tolerance. Recognizing that the closing
time would vary by different amounts when the tolerance was
positive or negative, it was decided to look at both of these
and choose the larger of the two to square and add to the
other squares. The minimization of this "root sum
squared"
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(RSS) is the objective of the optimization exercise.
Two different optimization approaches were used to study
this problem. The first is a form of exhaustive search
method which was devised for the kind of problem where a
dependent variable must be held equal to a specific value.
The other is a gradient-based descent method with self tuning
penalty functions. These will be discussed separately.
4 2 description of Exhaustive Search Method
In using an exhaustive search method one would normally
divide the range for each parameter into a number of steps,
systematically search through all combinations of these
steps, evaluating the optimization quantity for each
combination, and save the best set found. Because of the
constraint that there is a dependent variable, closing time,
which must be held equal to a specific value, this method
could not be strictly followed. Techniques were devised to
search for a solution with the proper closing time for every
set of parameters considered. Once these correct closing
times had been found the variability in closing time for that
set of parameters was evaluated and
the best set of
parameters was saved.
Of the five parameters considered, two of them,
torsional spring constant and closing
blade cam angle were
arbitrarily designated as scanning
parameters and the other
three were designated as stepping parameters.
The region
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between the upper and lower limits of the stepping parameters
is divided by 10, and all possible combinations of these
steps are evaluated as follows. For any set of stepping
parameter values the scanning parameters can be used to
determine if there are any solutions with the correct closing
time. Figure 4.1 shows a two dimensional region which
represents all possible combinations of the spring constant
and the cam angle between their maximum and minimum design
limits. A region like this exists for every combination of
values of the other three parameters. Line 1 represents a
locus of combinations of k and for which the closing
time is equal to the desired value.
The first objective is to locate a point on line 1. A
search is done along side A of the rectangle by first
evaluating the closing time at the point (k min, min) and
the point (k max, min). The desired closing time is
subtracted from both values and they are compared to see if
they have the same algebraic sign. Assuming that closing
time is monotonic along this boundary, if the signs are
different it indicates that the desired value of closing time
is achieved in one location along the boundary- According to
the figure, in this case there would not be a sign change- A
search of the same kind is done along each of the sides to
detect the desired value of closing time. In this case a
search of side B would show a sign change. A bisection
method as described in reference 3, pp 21, is then used to
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F|6URE ^-1 Illustration of 5can Search Technique
Side C
Point
5lDE B 5ideD
Kmin MAX
f>lDE A
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converge on the point along the boundary that gives the
desired closing time. An evaluation of closing time
variability is then done on the combination of parameters
represented by that point, and the values are stored if
better than the last best set.
The next objective is to find another point that is on
line 1 and is also inside the rectangle. First, the range
between the maximum and minimum values for each of the
scanning parameters k and Y is divided into ten steps.
An ellipse is created around the intersection between line 1
and side B which has a horizontal axis equal to two times the
step for k and a vertical axis equal to two times the step
for Y . A search is then made by stepping in 1 radian
intervals around the periphery of the ellipse, starting at
the three o'clock position and moving in a counterclockwise
direction, to detect a sign change that would indicate tha :
the desired value of closing time had been passed. When the
change in sign is detected, the bisection method is again
used, with the latest step and the previous step as end
points, to converge on the point where line 1 crosses the
ellipse. That point is then evaluated to find out whether it
violates the limits on either of the scanning parameters, as
does point 1. If it is outside of the limits, the scanning
direction is changed to clockwise and the scanning and
converging process is repeated
from the three o'clock
position to locate point 2.
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Once an evaluation of closing time variability has been
done on point 2 it becomes the center of a new ellipse to
search for the next point, using the scanning direction
previously established. This scanning direction will be
correct as long as the slope of line 1 does not change sign.
At each new solution point a check is done for boundaary
violations and then the variability is evaluated and stored
if better than the last best value. When a boundary
violation is detected, the process moves to the next
combination of stepping parameters and the boundary search
is done to find a starting point. If no starting point is
found in the boundary search, the next set of stepping
parameters is used.
This method has the advantage of assuring that a
thorough search is conducted for the global optimum design
point. The search will not terminate at a local minimum, if
one exists. It has the disadvantage that it is a coarse
search, and the exact optimization solution point might lie
between the search step points. Another disadvantage is that
it requires a very large number of function evaluations.
Locating each point for evaluation of variability requires at
least one bisection search, which may take up to 50 function
evaluations. For this particular problem, each function
evaluation required two independent root-finding processes
which used bisection, and may take as many as 25 iterations
each, so locating each point for evaluation can take as many
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as 2500 iterations through a bisection process. The
evaluation of variability takes ten function evaluations,
adding possibly another 500 iterations per point considered.
With 5 variables having eleven different values each, there
were up to 161,000 points at which to evaluate variability
Even on a large mainframe computer, this can result in some
very long run times. The programming for this method is
shown in appendix C.
4. 3 Description of Gradient Based Search Method
The gradient based search method used was a computer
program called THE MODSER ALGORITHM PROGRAM, P519RE,
reference 4, and is shown in appendix D. Special programming
written for this problem for use with P519RE is shown in
appendix E. P519RE is a recently written program which uses
many advanced techniques in a gradient based search process.
It uses the generalized conjugate gradient method to find a
search direction which will decrease the optimization
function, and then searches along that direction by a finite
difference acceptable point strategy to locate the point of
minimum optimization quantity. It then establishes a new
search direction at that minimum and searches in that
direction, continuing the process until
several termination
criteria are satisfied.
The limits for the independent and dependent variables
are represented mathematically by parabolic penalty functions
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that are automatically adjusted by the program to provide
good mobility for the search process while keeping the search
within the specified boundaries. It has a provision for an
equality constraint, which was required in this case, which
is also represented by automatically tuned parabolic penalty
functions .
To facilitate selection of a good start point for the
search process which follows, the program has a provision for
generating random points for selection of the best one.
In this initial stage, the program generates random values
for all of the independent variables to produce a series of
points that are within the specified limits. At each such
point it checks the dependent variables to see if their
limits have been violated. It continues to do this until a
specified minimum number of random points have been
investigated, and then it chooses the best one as the start
point. If none can be found which violate no constraint, it
continues to investigate random points until it finds one
that does not violate any boundaries, or until it reaches a
specified maximum number of random points. When it reaches
the maximum number of points, it chooses as the start point
the random point which least violated the boundaries.
This approach to optimization has several advantages.
Very few function evaluations are required because the method
is homing in on the best answer, rather than hoping to hit
it in a grid pattern search. It always tries to move in the
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direction which is most likely to lead to the best answer.
Another advantage is that it treats the optimization problem
as a set of continuous related problems rather than as
several thousand separate problems. This allows it to find a
better solution because it is not locked into a specified
step size the way an exhaustive search would be.
The disadvantages of this method when used on this
problem lie with the random start point generation process
and the equality constraint. When an equality constraint is
present it is very unlikely that even one of the randomly
generated start points will satisfy it. Therefore, a
selection cannot be made from a number of points which
satisfy the boundaries, to find one that has the best
optimization quantity. In the Conclusions and
Recommendations chapter, some suggestions are made for
improving the gradient based program used to provide better
start point generation for problems with equality
constraints.
The equality constraint causes some difficulties even
when a start point is supplied which satisfies it. If the
search were two dimensional, one could imagine a curved line
as the locus of the equality constraint. The parabolic
penalty function would make this
look like a parabolic shaped
canyon in the search process with the curved line of the
equality constraint as its
bottom. The search process has a
difficult time progressing along this canyon, because it
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encounters boundaries so often. Since the search is really
five dimensional, the equality constraint is more complex and
the search method has more difficulty. In addition, the
optimization quantity appears to have a small gradient in the
search domain, which further reduces the ability of the
search process to progress down the bottom of the canyon.
In conclusion, for this particular optimization problem
the gradient based search technique was not successful in
progressing towards the global point of optimum design.
Other factors or peculiar characteristics of the particular
problem at hand might have influenced the difficulty
encountered, but they were not specifically determined in the
time available. Fortunately, the developed exhaustive search
method previously described successfully solved the specific
optimization problem of this project.
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CHAPTER 5
APPLICATION OF OPTIMIZATION PROGRAMS
In the application of the optimization programs the main
considerations are the choices of boundaries and tolerances
for each of the parameters. The moment of inertia of the
closing blade was assumed to be adjustable only by the
thickness of the metal it is made from. It was estimated
that 0.004 inch thick stainless steel would be the thinnest
material that the closing blade could be made from and not be
subject to distortion in handling. This is a 20 percent
decrease from the present thickness, so the limits for this
value were set at + or - 20 percent. The present tolerance
was 6 percent of the thickness, and this was assumed to be
true for any thickness, so the tolerance on moment of inertia
of the closing blade was set at + or
- 6 percent.
The moment of inertia of the armature lever assembly was
assumed to change only with changes in density of the
armature, which is a sintered part. It was assumed that the
design of the armature could be changed from a sintered
material to a solid material and that this would result in a
part that was 33 percent lighter and that would have the same
performance. This would change the moment of inertia of the
armature lever assembly by 20 percent, so the design limits
were set at + or - 20 percent. The manufacturing tolerance
on the density of the armature was assumed to be 7 percent,
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which would result in a change of 4 percent in the moment of
inertia of the armature lever assembly. Therefore + or - 4
percent was used as the tolerance for this parameter.
For the cam angle on the closing blade it was assumed
that the angle would be decreased as a result of the
optimization process. The design limits were therefore set
with a maximum of 40 degrees, which is only 2 degrees higher
than the present design, and a minimum of 20 degrees, which
is near the limit established by the geometry of the closing
blade. The tolerance used was + or - 1 degree, which
reflects the accuracy of the process by which it is made.
The choices for the torsional spring constant and the
windup angle of the spring are closely tied together in
reality. The design of a shutter spring would be a separate
optimization problem which is beyond the scope of this paper.
Therefore, it was assumed that shutter springs could be
designed which would fulfill requirements for spring constant
and windup angle, as long as these requirements were held
within a reasonable range of a known design. Based on this
assumption the spring constant and the winduo angle were
allowed to vary independently. The torsional spring constant
was allowed to vary by + or - 20 percent for the design
limits. The manufacturing tolerance was measured on one
batch of springs to be + or - 5 percent, and this tolerance
was used in the optimization.
The minimum design limit for windup angle of the shutter
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spring is the angle at which the spring would have no load
when it was in its relaxed position, and would therefore no
longer be retained by the mating parts. The maximum used was
20 degrees larger, and is 3 degrees past the present design
value. The tolerance on the windup angle is very difficult
to hold in manufacutur ing . Measurements of one batch of
springs showed a total variation of + or - 3.75 degrees, and
there will also be a batch-to-batch variation. The tolerance
on winduo angle was therefore set at + or - 5 degrees.
The result of one of the runs of the exhaustive search
program showed that the moment of inertia of the armature
lever assembly was at its maximum for the determined
optimization point. Since it would be easy to increase the
mass of this assembly by adding material, the maximum design
limit was increased to 40 percent of the present design
value. Later runs of the program did not stop at that limit,
so it was left at that value.
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CHAPTER 6
RESULTS
For the purposes of comparison, the variability of
shutter lag time due to parameter tolerances was calculated
for the present design as 1.84 E-4 seconds.
The optimization solution variability calculated by the
exhaustive method was l.H E-4 seconds, and is shown in
appendix F. This gave an improvement of 6 percent.
The optimization solution variability calculated by the
gradient based method was 1.80 E-4 seconds, and is shown in
appendix G. This gave an improvement of 2 percent.
However, as described in Chapter 4, difficulty was
encountered for the specific problem at hand by this
approach. Hence, the exhaustive search approach should be
taken as the solution to the problem.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS
The improvement in variability found by the two
optimization methods would probably not be enough to warrant
any expensive design changes. A great deal more can be done
with the programs to represent the actual system values more
accurately and adjust design limits in response to the
results of each run. For example, the windup angle of the
shutter spring is known to be a very strong influence on the
closing t ne and it is subject to a large manufacturing
tolerance. Additional work should be done to accurately
measure the tolerance these springs are actually manufactured
within and to represent that number in the optimizatipn
program. If this can be done for all the parameter
tolerances the author expects that a substantially different
answer will be found. Whether or not that answer is more
favorable is a matter of speculation.
In addition to improving the accuracy of the tolerances
used for the parameters, it would be useful to do additional
work on the equation system to include the equations for the
shutter spring. Additional parameters would need to be added
for wire diameter and coil diameter, and some limits would be
required for dependent variables such as maximum bending
stress and spring constant. The addition of these would
insure that the answer given would be manufacturable . The
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answer obtained from the programs presented here would be
subject to verification of the feasibility of spring design.
There are many aspects of shutter operation that are not
represented in this simple model. It would be useful to do
additional work to incorporate such factors as the effect of
the shutter spring on the opening time and the effect of
closing blade cam angle on the force required from the
magnetic holding coil.
As a result of this exercise it became apparent that an
improvement could be made in the random start point
generation technique in the gradient based search program.
As discussed in chapter 4, when an equality constraint is
used, the random start point generation will be very unlikely
to find any points that satisfy the equality constraint.
Consequently, it will be impossible to choose the best start
point from a group of points which satisfy the boundary
conditions. Therefore a recommendation is made that a random
start point generation process be developed in which a linear
scan is done in a randomly determined direction from each
random start point. Points would first be evaluated a small
distance along the direction line on each side of the random
point to determine the direction in which to move along the
line to reach the equality constraint required. Then steps
would be taken along the line until the desired value was
passed, an extrema was passed, or
a limit for an independent
variable was passsed. If the desired value was passed, a
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bisection process would be used to converge on that value and
that would become a random start point. If an extrema or a
limit was passed, the search would be aborted.
The advantage of this method is that the random start
point generation process would serve the purpose of searching
the design space to find the best neighborhood to work in to
find an optimal value. The disadvantage is that many more
function evaluations are necessary to accomplish the task.
The search method described is very similar to the normal
search routine of the gradient based method.
It is likely that additional gains could be made by
further work with the present programs. The result from the
exhaustive search method can be used as a start point for the
gradient based search method. Small changes in the
boundaries will cause the exhaustive method to search a
different set of points and give a different answer, so that
many new start points can be generated for use in the
gradient based search.
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APPENDIX A
A Program for Calculating the Angular Displacement of the
Armature Lever Assembly
(Written for the HP-41CV Calculator)
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69
81*LBL "PHI"
62 6
63 STO 63
64 RCL 81
-PSI ? DEC
66 PROMPT
87 STO 61
88 RCL 82
PHKD>? BEG'
16 PROHPT
11 STO 82
12 1
13 STO 84
14*LBL 81
15 RCL 84
16 ST+ 83
17 XEQ 18
18 RCL 82
19 X<Y?
28 GTO 62
21 GTO 81
22LBL 62
23 RCL 86
24 RCL 82
25 -
26 PBS
27 .881
28 X<Y?
29 GTO 83
38 GTO 84
31*LBL 83
32 RCL 83
33 RCL 84
34 -
35 STO 83
36 RCL 84
37 18
38 /
39 STO 84
48 GTO 81
4ULBL 84
42 RCL 83
43 STO 85
44 -PSI=
45 RCL 81
46 RRCL X
47 RVIEH
48 -THETfi<D>=-
49 RCL 85
*/V HKUL A
51 RVIEH
52 18
53 /
54 STO 84
55 8
56 STO 83
57 CLfl
58 RVIEH
59 'THETfl PSI"
66 RVIEH
61*LBL 85
62 RCL 84
63 ST+ 83
64 XEQ 18
65 CLfl
66 RCL 83
67 RRCL X
68 "I- '
69 RCL 86
78 RRCL X
71 RVIEH
72 RCL 85
73 RCL 83
74 X<Y?
75 GTO 85
76 STOP
77 GTO "PHI-
78LBL 18
79 RCL 83
88 15.95
81 +
82 SIN
83 17.21
84 *
85 18.7
86 ?
87 RCL 61
88 RCL 83
89 +
98 TRH
91 *
92 RCL 83
93 15.95
94 +
95 COS
96 17.21
97 *
98 +
99 RCL 81
168 RCL 63
181 ?
182 CHS
183 TAN
184 15.62
185 *
186 +
187 16.49
188 -
189 15.62
118 /
111 RTfiN
112 STO 86
113 RTN
114 .END.
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APPENDIX B
A Program for Calculating the Approximate Polar Moment of
Inertia of an Irregular Planar Shape
(Written for the HP-41CV Calculator)
81H.BL -P0LH0H- 44 RCL 82
82 8 45 RCL 83
83 STO 89 46 +
84 STO 11 47 ?
65 RCL 81 48 RCL 64
86 *T ?" 49 +
67 PROMPT 58 STO
8-
88 8 51 RCL 8.
69 / 52 RCL 8?
18 STO 81 53 +
54 3
11LBL 81 55 YtX
12 RCL 82 56 RCL 8,
13 "R ? 57 *
14 PROMPT 58 12
15 8 59 /
16 / 68 STO 64
17 STO 82 61 RCL 82
18 RCL 83 62 RCL 83
19 "L ?' 63 -
28 PROMPT 64 2
21 8 65 /
22 / 66 STO 85
23 STO 83 67 Xt2
24 RCL 18 68 RCL 81
25 'RADIUS ?- 69 *
26 PROMPT 78 RCL 82
27 8 71 RCL 83
28 / 72 +
29 STO 18 73 *
38 RCL 81 74 RCL 84
31 3 75 +
32 YtX 76 STO 88
33 RCL 82 77 RCL 87
34 RCL 83 78 +
35 + 79 ST+ 89
36 * 88 SCI 3
37 12 81 -P =
'
38 / 82 RCL 89
39 STO 84 83 RRCL X
48 RCL 18 84 RVIEH
41 Xt2 85 FIX 3
42 RCL 81 86 GTO 81
43 * 87 .END.
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APPENDIX C
A Program for Minimization of the Variability of a
Photographic Shutter Through the Use of an Exhaustive Search
Technique
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APPENDIX F
Output from Exhaustive Search Program
OUTPUT OF SHUTTER OPTIMIZATION PROGRAM BY S. DANIELS MAR 9, 1984
THE UPPER AND LOWER LIMITS FOR THE FIVE PARAMATERS CONSIDERED WERE:
MOMENT OF INERTIA OF CLOSING BLADE i
MOMENT OF INERTIA OF ARMATURE LEV.,
CAM ANGLE OF THE SHUTTER BLADE
CONSTANT OF SHUTTER SPRING
WINDUP ANGLE OF SHUTTER SPRING
3.9420001E-06 TO
1.6110000E-05 TO
0.6961000 TO
0.3770000 TO
-1.745000 TO
1.9710001E-06
9.2079999E-06
0.3491000
0.2510000
-1.414000
0Z-IN-SEC**2
OZ-IN-SEC**2
RADIANS
OZ-IN/RAD
RADIANS
THE LEAST VARIABILITY IN CLOSING TIME FOUND WAS: 1.7323584E-04 SEC
THE LEAST VARIABILITY IN CLOSING TIME OCCURS WHEN:
THE MOMENT OF INERTIA OF THE CLOSING BLADE IS: 2. 3652010E-06 0Z-IN-SEC**2
THE MOMENT OF INERTIA OF THE ARMATURE LEVER IS: 1. 5419801E-05 OZ-IN-SEC**2
THE CAM ANGLE OF THE CLOSING BLADE IS: 0.6625495 RADIANS
THE SHUTTER SPRING CONSTANT IS: 0.268B187 OZ-IN/RAD
THE ANGULAR DISPLACEMENT OF THE SHUTTER SPRING IS: -1.745000 RADIANS
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APPENDIX G
Output from Gradient Based Search Program
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